Relatedness estimators are widely used in genetic studies, but effects of population structure on performance of estimators, criteria to evaluate estimators, and benefits of using such estimators in conservation programs, have to date received little attention. In this paper we present new estimators, based on the relationship between coancestry and molecular similarity between individuals, and compare them with existing estimators using Monte-Carlo simulation of populations, either panmictic or structured. Estimators were evaluated using statistical criteria and a diversity criterion that minimized relatedness. Results show that ranking of estimators depends on the population structure. An existing estimator based on two-gene and four-gene coefficients of identity performs best in panmictic populations, whereas a new estimator based on coancestry performs best in structured populations. Number of marker alleles and loci did not affect ranking of estimators. Statistical criteria were insufficient to evaluate estimators for their use in conservation programs. The regression coefficient of pedigree relatedness on estimated relatedness (ß2) was substantially lower than unity for all estimators, causing overestimation of the diversity conserved. A simple correction to achieve ß2 = 1, improves both existing and new estimators. Using relatedness estimates with correction, considerably increased diversity in structured populations, but did not do so or even decreased diversity in panmictic populations.
ABSTRACT
Relatedness estimators are widely used in genetic studies, but effects of population structure on performance of estimators, criteria to evaluate estimators, and benefits of using such estimators in conservation programs, have to date received little attention. In this paper we present new estimators, based on the relationship between coancestry and molecular similarity between individuals, and compare them with existing estimators using Monte-Carlo simulation of populations, either panmictic or structured. Estimators were evaluated using statistical criteria and a diversity criterion that minimized relatedness. Results show that ranking of estimators depends on the population structure. An existing estimator based on two-gene and four-gene coefficients of identity performs best in panmictic populations, whereas a new estimator based on coancestry performs best in structured populations. Number of marker alleles and loci did not affect ranking of estimators. Statistical criteria were insufficient to evaluate estimators for their use in conservation programs. The regression coefficient of pedigree relatedness on estimated relatedness (ß2) was substantially lower than unity for all estimators, causing overestimation of the diversity conserved. A simple correction to achieve ß2 = 1, improves both existing and new estimators. Using relatedness estimates with correction, considerably increased diversity in structured populations, but did not do so or even decreased diversity in panmictic populations.
Additive genetic relatedness between individuals plays an important role in many fields of genetics. In genetic analyses, knowledge of relatedness is used to estimate genetic parameters such as heritabilities and genetic correlations (FALCONER and MACKAY 1996) . In artificial selection, estimation of breeding values relies on knowledge of relatedness of individuals (HENDERSON 1984; LYNCH and WALSH 1998) , and relatedness between individuals affects optimum designs of selection programs (e.g NICHOLAS and SMITH 1983) . In evolutionary biology, knowledge of relatedness between interacting individuals is required to predict evolutionary consequences of social interaction (HAMILTON 1964) . In conservation genetics, knowledge of relatedness is required to optimize conservation strategies. In the present article we focus on estimating relatedness for use in conservation strategies, but results are equally relevant for other fields in genetics. Throughout, we consider the traditional population-genetic definition of relatedness for diploid individuals, which equals twice the coefficient of coancestry (LYNCH and WALSH 1998; MALÉCOT 1948) .
When pedigrees of populations are known, additive genetic relatedness between individuals can be calculated from the pedigree (EMIK and TERRILL 1949) , and can be used to estimate additive genetic variance. Pedigree data is, however, often lacking or incomplete, especially between subpopulations of a species. In those cases, estimates of relatedness rely on molecular markers. Methods to estimate relatedness from molecular marker data described in the literature can be divided into two groups (BLOUIN 2003) : (1) methods that estimate relatedness on a continuous scale (e.g.) (LYNCH and RITLAND 1999; WANG 2002) , and (2) methods that categorize individuals into a limited number of discrete classes of relatives, such as full sib, half sib or parent-offspring relationships. TORO et al.(2002) compared estimators expressing relatedness on a continuous scale in a pedigreed population of pigs divided into two related strains, using actual and simulated markers. Molecular coancestry (MALÉCOT 1948) , the estimator of LYNCH and RITLAND (1999) and a maximum likelihood estimator showed the highest correlation between pedigree and estimated relatedness. When both strains were analyzed together, molecular coancestry performed substantially better than more sophisticated estimators, indicating that quality of estimators depends on the population structure, and that current estimators are not optimal in general. More recently, novel estimators have been proposed and compared by WANG (2002) and MILLIGAN (2003) for their statistical performance in an 'outbred' population structure, having only four degrees of relatedness, parent-offspring, full-sibs, first cousins and unrelated individuals.
A number of issues remain unsolved, relating in particular to the population structure (MILLIGAN 2003) , the utility of estimated relatedness in conservation programs, and the criterion to judge the quality of an estimator. Estimators of LYNCH and RITLAND (1999) and WANG (2002) assume no inbreeding. Those estimators have been evaluated using simulated populations without pedigree, no inbreeding and simple classes of relatives of either full sibs, half sibs, parent-offspring or unrelated individuals. Complex pedigree structures and high levels of relatedness and inbreeding, however, are typical for populations in need of conservation. There is a need for relatedness estimators that can be applied to fragmented populations, where interest is in both within and between sub-population relatedness.
Development of such estimators is not merely a statistical issue, but needs a connection with population genetic concepts such as drift. Furthermore, the utility of using estimators in conservation programs, with the aim to maximize the amount of additive genetic variance conserved, has not been investigated to our knowledge. Hence, more knowledge is needed of the usefulness of relatedness estimators to support conservation strategies, such as determining which individuals are genetically important.
In the present article we introduce estimators that are based on the relationship between coancestry and relatedness, which holds irrespective of inbreeding. In total, we compare eight estimators expressing relatedness on a continuous scale, with a focus on supporting conservation strategies. Monte Carlo simulations produced populations with both pedigree and marker data. Behavior of the estimators is studied for alternative populations, differing in (a) the number of alleles per locus in the base generation, (b) the number of loci used, (c) the average relatedness compared to the base population, (d) the population-structure (either panmictic or structured), and (e) the size of a subset of individuals selected to maximize the amount of genetic variation conserved. Relatedness was estimated using simulated marker data and analyzed against pedigree relatedness, using both statistical and diversity criteria.
METHODS
This section describes (1) the relatedness estimators considered; (2) the simulated population structures in which estimators will be tested; and (3) the criteria used to assess quality of the estimators.
Relatedness estimators
Eight relatedness estimators will be compared, which we divide into three categories (Table   1 ). The first category is based on the relationship between additive genetic relatedness (r), population genetic coancestry (ƒ, also known as "kinship"; FALCONER and MACKAY 1996) and molecular coancestry (ƒM) (JACQUARD 1983; LYNCH 1988; TORO et al. 2002) , and consists of both existing and new estimators. The second category is based on the relationship between additive genetic relatedness and two-gene and four-gene coefficients of identity in 'non-inbred' populations, and consists of the estimators of LYNCH and RITLAND (1999) and WANG (2002) .
The third category consists of the estimator of QUELLER and GOODNIGHT (1989) . All estimators express relatedness on a continuous scale. MILLIGAN (2003) presented a maximum likelihood estimator for 'non-inbred' populations. In 'inbred' population, however, finding the maximum likelihood value is computationally demanding because many modes of IBD occur (see Table 1 in MILLIGAN 2003) .We did, therefore, not investigate maximum likelihood estimators.
Category 1: Estimators based on coancestry: By definition, additive genetic relatedness (r) between diploid individuals equals twice the coefficient of coancestry (ƒ, also known as kinship; r = 2ƒ) (FALCONER and MACKAY 1996; MALÉCOT 1948) . Thus, conservation strategies based on coancestry are equivalent to strategies based on relatedness. Coancestry of two individuals is the probability that two alleles drawn randomly, one from each individual, are Identical By Descent (IBD), indicating that they descend from a common ancestor (FALCONER and MACKAY 1996) . Coancestry and relatedness are expressed relative to a so-called base population, in which all alleles are defined as being not-IBD, so that coancestry in the base population is zero by definition (FALCONER and MACKAY 1996; LYNCH and WALSH 1998) .
Alleles that are molecularly identical in the base population are referred to as Alike In State (AIS). Thus, in any generation, the proportion of alleles AIS is equal to expected homozygosity in the base population. When pedigrees are known, the founder generation is commonly used as base population, so that relatedness among founders is zero by definition. In principle, base populations merely serve as a reference point, and the choice of the base population is arbitrary.
However, not all choices are genetically meaningful and theoretically correct, particularly in structured populations (see DISCUSSION).
The new estimators presented in this article are based on the approach of EDING and MEUWISSEN (2003) . EDING and MEUWISSEN (2003) developed estimators of betweenpopulation coancestry, using observations on molecular similarity between and within populations, in which case the definition of the base population is more obvious. We modify estimators of EDING and MEUWISSEN (2001; to estimate coancestries between individuals instead of populations.
First we describe the theoretical background of estimators based on coancestry. Estimators based on coancestry make use of the molecular similarity index (S xy,l ), which refers to a single locus l in a pair of individuals xy, and is defined as the probability that two marker alleles drawn from two individuals are molecularly identical (CABALLERO and TORO 2000; JACQUARD 1983; TORO et al. 2002) . In the following, S xy,l will be referred to as "similarity". For locus l, similarity between individual x having alleles a and b and individual y having alleles c and d is defined as (LI and HORVITZ 1953) 
where indicator I ac is one when allele a of individual x is identical to allele c of individual y, and zero otherwise, etc. Similarity takes values of 0, ¼, ½, or 1. Values of ¾ do not occur, because the fourth indicator must be equal to one when the previous three indicators are equal to one. Similarities of ¼ require at least three distinct alleles, and do therefore not occur at biallelic loci.
Similarity will vary between pairs of individuals, and will be partly due to alleles that are IBD but also due to alleles AIS. When s l denotes the probability that two alleles at locus l are AIS, then expected similarity between individuals x and y at locus l is (LYNCH 1988):
where s l is the average similarity at locus l in the base population, and ƒ xy is the coancestry between individuals x and y expressed relative to this base population. Equation 2a may be interpreted as the probability that alleles are IBD (ƒ xy ) plus the probability that they are not-IBD 
A so-called "method of moments estimator" of coancestry is obtained by rearranging 
Multiplying Equation 3 by a factor of two yields a relatedness estimator (see (RITLAND 1996) .
Equation 3 shows that a value for s l is needed for each locus. Because allele frequencies in the base population are usually unknown, s l needs to be estimated, which involves two problems. First, when the average level of AIS is estimated incorrectly, the average estimated relatedness of the current population will be biased. The observed average similarity and the estimated probability of alleles AIS together implicitly define the base population. The lower the estimated AIS, the further back in time this base population is set, and the higher the average estimated relatedness of the current population. Vice versa, an overestimation of AIS will result in underestimating relatedness (TORO et al. 2003) . For example, when the base population is set equal to the current population, which is done implicitly when s l is calculated from current allele frequencies assuming random mating, IBD between all pairs of individuals will be -1/2N on average, resulting in negative estimates of relatedness for many pairs of individuals. Negative estimates are difficult to interpret because relatedness is defined as twice the probability that alleles are IBD. The second problem is that, though probabilities of alleles AIS differ per locus, expected coancestry for a pair of individuals is equal at all neutral loci by definition. Ideally, this should be taken into account when estimating s l for each locus. In the following we describe estimators based on Equations 2 and 3, in order of increasing complexity.
Molecular Coancestry (ƒM): TORO et al. (2002; used ƒM as an estimator of coancestry. Molecular coancestry ignores alleles AIS by setting s l = 0 for all loci, so that estimated relatedness equals the average similarity over loci multiplied by a factor of two:
When founder alleles would be unique, xy rˆ would be an unbiased estimator of relatedness.
Unweighted Corrected Similarity (UCS):
For the UCS estimator, s l is estimated assuming that all distinct alleles in the current population had equal frequencies (p l ) in the base population, p l = 1/n l , where n l is the number of distinct alleles at locus l observed in the current population, which is often referred to as allelic diversity (AD l ) (FERNANDEZ et al. 2005) .
Consequently, the probability that alleles are AIS equals = 
The assumption that s l = 1/n l ignores differences in allele frequencies among loci, and consequently does not necessarily satisfy the condition that expected coancestry of a pair of individuals is equal at all loci. However, it is simple to apply and may turn out to be robust. 
where i p is the estimated allele frequency of allele i at locus l in the current population.
Preliminary results showed that differences between exact or approximate weights were negligible. Values presented in RESULTS, therefore, are obtained using approximate weights (Equation 7), which are much simpler than exact weights.
Weighted Equal Drift Similarity (WEDS):
The UCS and WCS estimators use the number of distinct alleles to estimate s l for each locus, which does not fully guarantee that coancestry between a pair of individuals is equal at all loci. The WEDS estimator solves this problem by calculating s l so that the increase in coancestry since the base population is equal at all loci. The WEDS estimator starts by setting s l = 0 for the locus having the lowest expected similarity
, where n is number of alleles. This defines the base population such that estimated s l will be non-negative for all loci. The next step is to calculate s l at other loci as the expected similarity at those loci, corrected with the 
where φ xy is the probability that, at a certain locus, a single allele in individual x is IBD to a single allele in individual y, and is the probability that both alleles in individual x are IBD to both alleles in individual y (φ and ∆ are denoted 8 and 7 in LYNCH and WALSH, 1998). In the following, we summarize the estimators of LYNCH and RITLAND (1999) Category 3: The estimator of Queller and Goodnight: QUELLER and GOODNIGHT (1989) (Q&G) developed an estimator that was originally designed for estimating average relatedness between populations, instead of individuals. However, it can be modified to obtain a pair-wise asymmetric estimator for individuals, which is commonly used nowadays (LYNCH and RITLAND 1999; MILLIGAN 2003; TORO et al. 2002; WANG 2002) 
where L is the number of loci. For bi-allelic loci, Equation 15 is undefined when individual x is heterozygous, because it results in a division by zero. The Q&G estimator was therefore omitted with bi-allelic loci.
Simulated populations
To compare estimators, populations with several discrete generations were simulated. The following two sections describe the standard population and five alternatives. Table 2 summarizes population parameters.
Standard population: The standard population was panmictic, and was bred from a base generation of 10 male and 50 female founders. Twenty marker loci were simulated. Each locus had a random number of alleles (n), ranging from 2 through 8. At each locus, alleles were sampled with a probability of 1/n for each allele, so that, on average, alleles at a particular locus had the same frequency in the base generation. Alleles were co-dominant, autosomal, unlinked, neutral, without mutation, and followed Mendelian inheritance.
Ten discrete generations of 400 individuals were bred, using random mating and selection of 10 male and 50 female individuals as parents of the next generation. The last generation consisted of 100 individuals, which were genotyped for all 20 loci. Relatedness between all pairs of individuals was estimated from the marker data, for each of the estimators described above. In addition, relatedness between individuals was calculated from the pedigree, using the tabular method (EMIK and TERRILL 1949) , and was considered to be the true value. Finally, quality of estimators was assessed by comparing estimated with pedigree relatedness, using both statistical and diversity criteria (see below).
Alternatives:
The effect of the following five variables on quality of estimators was investigated (Table 2) . (a) the number of alleles per locus in the base generation; (b) the number of loci; (c) the average level of relatedness in the current generation, by varying the number of generations simulated; (d) a structured population, and (e) a limitation to the number of individuals that could be used in a conservation program, which was either all 100 or only the genetically most important 10 (see Diversity criterion). Alternative d was included to investigate quality of estimators in structured populations. The structured population had 10 male and 50 female parents until generation 5, after which it split into two subpopulations, of which one was bred with 8 male and 40 female parents and the other with 10 male and 50 female parents. Two final generations of 100 individuals were simulated, and 90 individuals were sampled from one and 10 from the other population, or vice versa. Alternative (e) resembles the situation in practice, where conservation funds are limited. For each alternative, one parameter was varied at a time, other parameters were as in the standard population. One hundred replicates were run per alternative, and results were averaged over replicates.
Criteria
Two types of criteria were used; (1) statistical criteria that compared estimated with pedigree relatedness, and (2) a diversity criterion that measures the genetic variation conserved by using an estimator in conservation strategies.
Statistical criteria: Four statistical criteria were used: (1) the average bias, being the difference between average estimated relatedness and average pedigree relatedness (bias); (2) the regression coefficient of estimated relatedness on pedigree relatedness ( 1), which is a measure for bias in the estimated differences in relatedness among pairs of individuals; (3) the regression coefficient of pedigree relatedness on estimated relatedness ( 2), which indicates whether estimated relatedness yields an "unbiased" prediction of pedigree relatedness, which is important in practice because conservation decisions are based on the estimates, not on the true values; and (4) the correlation between estimated and pedigree relatedness ( ), which measures the proportion of the variance in pedigree relatedness explained by the estimator. Relatedness of individuals with themselves were excluded from the calculation of those criteria.
Diversity Criterion: Though statistical criteria are informative for the quality of estimators, they do not directly reveal the amount of genetic diversity conserved by using an estimator in practice. In addition to statistical criteria, therefore, we develop a criterion that evaluates the genetic diversity conserved when selection decisions are based on estimated relatedness.
In this section we will argue relatedness is a key factor in conservation. An important aspect in conservation genetics is to minimize inbreeding levels and maximize genetic diversity (BALLOU and LACY 1995; FRANKHAM et al. 2002 
where t F is the average inbreeding level in the population in generation t, measured relative to the base generation, and V A,0 is the additive genetic variance in the base generation (FALCONER and MACKAY 1996) . With random mating, the inbreeding level in the next generation, 1 + t F , equals to the average coancestry of the current population, and thus half the average relatedness of the current population (r = 2f). Thus, maximizing genetic diversity and minimizing inbreeding in generation t+1 is identical to minimizing relatedness in generation t. In conclusion, therefore, conservation decisions within a species should aim at minimizing the average additive genetic relatedness in that species. Consequently, our diversity criterion measures the efficiency of estimators when the objective is to minimize average relatedness in a group of individuals.
With random mating, average relatedness in the next generation is given by (MEUWISSEN 1997) : 
where 1 is a column vector of one's. The matrix of additive genetic relationships has to be estimated from marker data. The amount of genetic diversity conserved by using estimated optimal contributions ( o ĉ ) will depend on the estimator used. To obtain estimated optimum contributions, we substituted the matrix of pedigree relatedness by the matrix of estimated
. When negative contributions were obtained, the most negative contribution was set to zero and optimal contributions were recalculated, until all contributions were non-negative. In alternative (e) the lowest contribution was set to zero and optimal contributions were recalculated, until all contributions were non-negative or only 10 contributions were left.
We evaluated the result on two scales. On the first scale, the diversity criterion equals the proportion of additive genetic variance conserved relative to the base generation, In contrast to the statistical criteria, relatedness of individuals with themselves were included in Â , and were estimated by using y = x in the relevant expressions for xy r .
RESULTS
Comparison of estimators on the standard population: Table 3 gives results for the standard population. Average pedigree relatedness in the simulated standard population in the 10 th generation was 0.282. With ƒM and Q&G, average estimated relatedness deviated considerably from the pedigree average, as reflected by bias. Bias depends on the definition of the base population, which is essentially arbitrary (see DISCUSSION). Bias, therefore, is not an important quality criterion, and will not be presented further.
The regression of estimated on pedigree relatedness ( 1) was close to one for most estimators, except for ƒM and Q&G. Results indicate a relationship between bias and 1, showing that 1 is underestimated when bias is positive. The ƒM estimator performed best for the regression of pedigree on estimated relatedness ( 2), but in all cases, 2 was substantially lower than one. The correlation between estimated and pedigree relatedness ( ) ranged from 0.50 (Q&G) to 0.60 (L&R), indicating that differences between estimators are relatively small.
When pedigree information was known, the use of optimum contributions maintained 3.69 founder genome equivalents (N ge ). Application of the estimators maintained between 2.82 (Q&G) and 3.33 (L&R) founder genome equivalents, which is 76% and 90% of the maximum value obtained with known pedigree. When quality of estimators is judged by the correlation and the number of founder genome equivalents, the following order is obtained: L&R performs best, followed by the group of WCS, WEDS and Wang, next comes ƒM, then UCS and finally Q&G. Table 4 summarizes results for different numbers of alleles per locus.
Number of alleles:
The number of distinct alleles in the current generation was reduced by almost 90% when alleles in the base generation were unique, whereas no reduction was observed when the base generation had only 2 alleles per locus. As expected, the correlation between estimated and pedigree relatedness increased with the number of alleles. Benefit of increasing the number of alleles was smaller when there were already many alleles. On average, the correlation increased by 50% when the number alleles increased from 2 to 5, whereas the correlation increased by 16% when the number of alleles increased from 5 to 10. The L&R estimator had the highest correlation for all schemes considered. WEDS, WCS and Wang showed nearly identical correlations.
It follows from Tables 3 and 4 that Q&G and UCS had poorest results, whereas WCS and WEDS had nearly identical results. This trend was observed in all alternatives. No further
results, therefore, will be presented for UCS, Q&G and WCS. Table 5 summarizes results for schemes with different numbers of loci. The number of loci did not affect the regression coefficient of estimated on pedigree relatedness (β1). In contrast, the regression coefficient of pedigree on estimated relatedness (β2) increased considerably when the number of loci increased, but still deviated clearly from unity. The correlation increased by ~30% when going from 10 to 20 loci, by ~30% when going from 20 to 50 loci, and by ~14% when going from 50 to 100 loci. The L&R-estimator showed the highest correlation and maintained most genetic variation, whereas ƒM showed the lowest correlation and maintained least genetic variation. WEDS performed slightly better than Wang, but differences were small.
Number of loci:

Average level of relatedness:
As expected, an increase in the number of generations increased pedigree relatedness and decreased the number of alleles surviving from the base to the current generation. Performance of estimators decreased in correspondence with the decreasing number of alleles (results not shown). Apart from an effect via the number of alleles, there was no effect of the level of relatedness on performance of estimators. Table 6 summarizes results for the structured population for two sampling schemes. In scheme A, 90 individuals were sampled from the subpopulation bred from 10 and 50 parents, and 10 from the subpopulation from 8 and 40 bred parents. In scheme B, the sampling of individuals was reversed. With scheme A, average relatedness was 0.26 and average inbreeding was 0.13. On average, correlations between estimated and pedigree relatedness had the same level as in the standard population. When judged by the correlation, estimators performed equally well. When judged by the number of founder genome equivalents, however, Wang showed poorest results and L&R highest, indicating that ranking of estimators depends on the criterion used. With scheme B, average relatedness was 0.38 and average inbreeding was 0.19. In contrast to the panmictic standard population and scheme A, L&R had the lowest correlation and lowest founder genome equivalents, whereas WEDS had the highest founder genome equivalents. Table 7 shows the number of founder genome equivalents conserved in sets of either 10 or all 100 individuals, having either optimal or equal contributions of individuals, and for the panmictic standard population or a structured population.
Structured populations:
Use in conservation:
In the standard population, the number of founder genome equivalents conserved using optimal contributions calculated from pedigree relatedness was only a little higher than when using equal contributions (3.69 vs. 3.56). In standard populations, variation in relatedness among pairs of individuals is relatively small, and benefit of using optimum contributions is limited when the set contains all individuals. Surprisingly, when all 100 individuals were included, the use of optimum contributions based on estimated relatedness conserved fewer founder genomes than equal contributions did. Hence, conservation strategies based on estimated relatedness of limited accuracy can actually reduce the genetic variation conserved, instead of increasing it. When sets consisted of only 10 individuals, sets of optimum contributions always had higher founder genome equivalents than sets with equal contributions.
In the structured population, the number of founder genome equivalents conserved using optimal contributions calculated from pedigree relatedness was higher than when using equal contributions with scheme A (4.23 vs. 3.85) and substantially higher with scheme B (3.82 vs.
2.61), indicating that optimizing contributions is more important in structured than in standard populations When only 10 individuals were included in the set, the use of optimal contributions calculated from estimated relatedness always conserved more founder genomes then the use of equal contributions. Scheme B always conserved more founder genomes, irrespective of the number of individuals in the set, illustrating the importance of the sampling procedure.
Differences between estimators are in agreement with results in Tables 3 through 6 . The L&R-estimator performed best in the standard population, whereas ƒM and WEDS performed best in the panmictic structured population. (2002) . In the present study, we considered populations with general relationships and evaluated estimators by the correlation between pedigree and estimated relatedness, without a priori distinguishing between categories of relatives. (3) WANG (2002) observed that the L&R-estimator performed better for "unrelated" individuals (i.e. not sibs or parent-offspring), which will be the majority even in small populations. In contrast to current belief, therefore, we find the L&R-estimator to be superior to the Wang-estimator in panmictic populations.
Furthermore, the L&R-estimator is substantially simpler.
Bias and base population: For most estimators, average estimated relatedness differed substantially from average pedigree relatedness, but the difference (bias) was unrelated to the accuracy (ρ) of estimators, illustrating that the choice of a base population is arbitrary in a panmictic population. Bias depends on the way estimators define the base population or, in other words, how they divide the average observed similarity into a proportion due to IBD vs. a proportion due to AIS. The L&R and Wang estimators set the probability of AIS equal to the expected homozygosity in the current population, which implicitly defines the current generation as base population. Average estimated relatedness is therefore close to zero for that β1 = 1. (Note that the criterion bias refers to average relatedness, whereas β1 refers to pairs of individuals.) There was a clear relationship between bias and β1; positive bias was accompanied by underestimation of β1 (Table 3) . This result is due to the population genetic relationship between absolute differences among coancestries of pairs of individuals and the average coancestry level of a population. Equation 3 illustrates this phenomenon. Positive bias,
i.e. overestimation of s l , reduces absolute differences between coancestries because similarities are scaled by 1−s l . Alternatively, the relationship can be understood by considering coancestry as a function of generation number (t);
, which is a function starting at zero at t = 0 and asymptoting to 1 when t → ∞ (FALCONER and MACKAY 1996) . At low values of f t the function is steep and differences in coancestries within a generation are large, whereas at high f t the function is flat and differences are small. Thus the relationship between bias and β1 is a direct consequence of standard population genetic theory, and estimators that are consistent with population genetic theory will always show this relationship. . Therefore, when β2 equals one, β1 must equal the square of the correlation between pedigree and estimated relatedness. Consequently, irrespective of the estimator used, β1 = β2 = 1 can be attained only when ρ = 1, which requires data on many loci. All estimators had values for β2 substantially lower than one (Table 3 ),
Regression of pedigree on estimated relatedness:
indicating that the amount of genetic diversity conserved will be overestimated when selecting least related individuals based on estimated relatedness.
To investigate the effect of β2 on the number of founder genome equivalents conserved, we rescaled relatedness estimates to obtain β2 = 1. First we derived an empirical relationship between β2 and the amount of information, and next regressed estimated relatedness to its mean, using predicted β2. The empirical prediction of β2 was
For the WEDS estimator, Equation 22 explained 99% of the variation in β2 observed in the schemes analyzed (Table 2) . We regressed relatedness estimates to their mean using Results showed a clear increase in N ge , in particular in the panmictic population with a conservation capacity of 100 individuals ( . Regression of relatedness estimates to their mean will be particularly relevant when the amount of marker information differs between individuals, in which case individuals with little info would be selected too often because they have higher variance of their estimates.
As expected, the correlation between pedigree and estimated relatedness was not affected by regressing estimates to the mean. Consequently, for the purpose of conservation, the correlation between pedigree and estimated relatedness is not the optimal criterion for quality of an estimator, since results in Table 8 are clearly better than those in Table 7 . A criterion such as the number of founder genome equivalents, which directly reflects the amount of diversity conserved, is to be preferred for conservation purposes. Tables 3, 5 and 6 show that the relationship between β2 and the numbers of alleles and loci is nearly identical for the L&R-estimator, and very similar for ƒM. Equation 22 is, therefore, not restricted to the WEDS-estimator, but useful in general. Equation 22 is a simple but rather crude two-step method to regress estimates to their mean value depending on the amount of information. A statistically more appropriate method is to treat relatedness as a random, instead of fixed, variable when estimating relatedness. However, such models involve the estimation of the variance of relatedness, which may not be trivial.
Though Equation 22 was obtained using the WEDS-estimator, results in
Diversity criterion with non-random mating and selection:
The diversity criterion used in this study relates to the additive genetic variance in an unselected random-mating population;
i.e., 1−c'Ac equals the additive genetic variance in the sampled population, expressed as a proportion of that in the founder population, assuming that the sampled population is generated by random mating and that there has been no selection between the founder and current generation. Most actual populations, however, undergo either natural or artificial selection and show non-random mating, which raises questions about the utility and generality of our criterion. In our opinion, however, the additive genetic variance under random mating and no selection is a useful measure for diversity, also when the actual population is selected or shows non-random mating. The reasoning is as follows. By definition, the additive genetic variance is the variance of the breeding values. In diploids, this variance is composed of two components;
(1) the additive genetic variance with Hardy-Weinberg and linkage equilibrium, sometimes referred to as the genic variance (WEI et al. 1996) , which depends solely on the allele frequencies; (2) a deviation from the genic variance, that depends on the way in which alleles at all loci are combined within individuals. This deviation is due to non-random mating causing deviations from Hardy-Weinberg-equilibrium, and mutation, selection and drift causing linkage disequilibrium. Part of the total linkage disequilibrium is generated by selection in the short term, and is not related directly to linkage, but occurs between any two loci affecting the selected trait. It is, therefore, also known as gametic-phase disequilibrium (BULMER 1971) .
In principle, deviations from Hardy-Weinberg and gametic-phase equilibrium are transient, in contrast to changes in allele frequency and linkage disequilibrium due to tight linkage. With two sexes, Hardy-Weinberg equilibrium is restored in two generations of random mating.
Positive deviations from HW-equilibrium, e.g., due to obligatory selfing, increase the additive genetic variance, but it is unclear what value to attribute to such additional variance, since utilization of it involves between-family selection causing rapid loss of diversity. Furthermore, when selection ceases, the gametic phase disequilibrium asymptotes quickly to zero (BULMER 1971) . Though natural selection will never cease, it probably generates little gametic-phase disequilibrium because components of fitness have low heritability. Hence, gametic-phase disequilibrium is mainly a phenomenon of artificial selection. Thus, in the long run, it is mainly the genic variance that represents true genetic diversity originating from the allelic variety.
Transient components of the additive genetic variance should not be included in a diversity criterion. In our opinion, therefore, a diversity criterion based on additive genetic variance in an idealized population is still useful when real populations deviate from that situation.
Population Structure: Populations in need of conservation predominantly have fragmented structures. In agriculture, species are generally composed of breeds and relatedness within breeds is much higher than between breeds. Within rare breeds, fragmentation (over different countries for example) is common as well (FAO 2000) . This is logical because many domestic species are kept in herds and breeding programs are often organized nationally. Similarly, populations in zoos frequently descend of groups from founders derived from different locations (see EAZA in Situ Conservation Database: www.eaza.net). Furthermore, humaninduced habitat loss and fragmentation are recognized as the primary causes of loss of biodiversity (BALLOU and LACY 1995; FRANKHAM et al. 2002) . Hence, structured populations are the rule; panmictic populations the exception.
Results of the structured population with scheme B in Table 6 and results of TORO et al. by determining the probability that alleles are AIS based on observed allele frequencies, which defines the base population to be equal to the current population. The same would happen if s l in Equation (3) would be set on the currently expected homozygosity, as in RITLAND (1996) . In a structured population, however, removing inbreeding by using the current population as base population causes negative (true) coancestries between individuals in different subpopulations, which is theoretically incorrect. In structured populations, therefore, inbreeding cannot be removed by shifting the base population. We believe that the inability to fully remove inbreeding is the basis of the poor performance of the L&R-estimator in scheme B of the structured population. The high number of founder genome equivalents of L&R with scheme A in Table 7 , is probably because scheme A resembles a panmictic population, since the low number of sampled individuals from the high drift population are in balance with low contribution in diversity of this sample. The β2 correction hardly improves founder genome equivalents for L&R, whereas it improves all other estimators (Table 8) .
Our results show that benefits of using relatedness estimates in conservation programs is substantially larger in structured than in panmictic populations (Table 7; FERNANDEZ et al. 2005) . What is needed in practice, therefore, is an estimator that can be applied to general populations. The WEDS-estimator is based on: (1) the relationship between relatedness and coancestry (r = 2f), and (2) the relationship between molecular similarity and coancestry (Equation 2a). Both relationships are valid irrespective of the population structure (FALCONER and MACKAY 1996; LYNCH 1988) , and provide the theoretical basis for an estimator of both within and between population relatedness (EDING and MEUWISSEN 2001) .
We obtained the WEDS-estimator using a simple statistical approach, in which expected similarity was equated to observed similarity (Equation 3). Good results of the L&R-estimator in panmictic populations indicate that estimators can be improved by using a more advanced statistical approach, such as conditional probabilities of observing genotypes, rather than similarity values. Hence, a promising approach to develop an estimator that performs better in both panmictic and structured populations is to follow the statistical approach of LYNCH and RITLAND (1999), but using r = 2f and the similarity definition of Equation 1 as starting point (see also TORO et al. 2002) .
Use in conservation practice: Benefit of optimal contributions based on relatedness estimators in conservation programs depends on the population structure and on the breeding capacity available for conservation, e.g. expressed as the size of a population that can be conserved (N). The use of optimal contributions based on relatedness estimates that are regressed to their mean, always maintains more diversity than applying equal contributions 
Note that S = ¼ requires at least 3 distinct alleles. Finally,
Substitution of the probabilities in the above equations for ) 2 Ninety individuals were sampled from the subpopulation bred from 10 male and 50 female parents, and 10 were sampled from a subpopulation bred from 8 male and 40 female parents.
3 Ten individuals were sampled from the subpopulation bred from 10 male and 50 female parents, and 90 were sampled from a subpopulation bred from 8 male and 40 female parents. 2 Ninety individuals were sampled from the subpopulation bred from 10 male and 50 female parents, and 10 were sampled from a subpopulation bred from 8 male and 40 female parents.
3 Ten individuals were sampled from the subpopulation bred from 10 male and 50 female parents, and 90 were sampled from a subpopulation bred from 8 male and 40 female parents. 4 All 100 individuals have equal contributions to the set. 
